From dark matter to neutrinoless double beta decay 
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Associated with two TeV-scale leptoquark scalars, a dark matter fermion which is the neutral 
component of an isotriplet can mediate a testable neutrinoless double beta decay at one-loop level. 
The dark matter fermion with determined mass and spin-independent scattering can be verified by 
the future dark matter direct detection experiments. We also discuss the implications on neutrino 
masses and baryon asymmetry. 
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I. INTRODUCTION 

A process of neutrinoless double beta decay requires a 
lepton number violation of two units. Such lepton num- 
ber violation can have various origins [lH3|. For exam- 
ple, the standard picture of the neutrinoless double beta 
decay is realized by the electron neutrino with a tiny 
Majorana mass. The smallness of neutrino masses can 
be understood by the seesaw mechanism [4-t7J or some 
loop and chirality suppression factors [clJlll]. Neutrino 
physics may be related to other interesting topics in par- 
ticle physics and cosmology such as dark matter [IJ, [l2[ 
and inflation [13]. In the case that the neutrino masses 
arise from certain loop diagrams involving the dark mat- 
ter particle [IJ, [l2[ and then result in a standard neu- 
trinoless double beta decay, we can say the neutrinoless 
double beta decay is indirectly related to the dark mat- 
ter. 

In this paper we shall propose a novel scenario where 
the dark matter particle is directly responsible for gener- 
ating the neutrinoless double beta decay. Specifically, 
we shall extend the SU(3) C x SU{2) L x U(1) Y stan- 
dard model (SM) by one [SC/(2) L ]-triplet fermion and 
two [5C/(2) L ]-doublet leptoquark scalars. There is a Z 2 
discrete symmetry under which the fermion triplet and 
one of the leptoquarks are odd while the other fields are 
even. The fermion triplet without nonzero hypercharges 
has a Majorana mass to break the lepton number by 
two units. The Z 2 -odd leptoquark has the Yukawa cou- 
plings to the fermion triplet and the quark doublets while 
the 2f 2 -even leptoquark has the Yukawa couplings to the 
lepton doublets and the down-type quark singlets. The 
neutral component of the fermion triplet should have a 
determined mass around 2.4 TeV if it is the dark mat- 
ter particle. Associated with the leptoquarks, the dark 
matter fermion can mediate a neutrinoless double beta 
decay at one-loop level. Meanwhile, the neutrino masses 
can be induced at three- and five-loop level. By tak- 
ing the leptoquarks at the TeV scale, the neutrinoless 
double beta decay can arrive at a testable level. The 
neutrinoless double beta decay and other lepton num- 



ber violating processes will go out of equilibrium at a 
temperature about 100 GcV, below which the cosmolog- 
ical baryon asymmetry is allowed to produce. As for the 
loop-induced neutrino masses, their magnitude will not 
be bigger than the eV order. The dark-matter-nucleon 
scattering can be verified by the future experiments since 
it has a determined spin-independent cross section about 
10~ 45 cm 2 , besides a spin-dependent cross section smaller 
than O(10- 46 cm 2 ). 



II. THE MODEL 

For simplicity, we will not write down the full La- 
grangian. Instead, we only give the following terms rele- 
vant to our demonstration, 



C D -h l q c L ir 2 T L r ] -f lJ l L id R ,-X(evr+ii-C. 

t J i 3 

-±M°[n(T£T L ) +H.c.], 
where we have defined the [SU (2)] -triplet fermion: 

r £ (i,s,o) = 
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and the [5C/(2)]-doublct leptoquark scalars: 



?? (3,2,--) = 



?7 T 3 



£(3,2, -g) 






(3) 



besides the SM quarks and leptons: 



<7l,(3,2,+-) 



Ml,2,--) 



, ^(3,1,-3), 



with i= 1,2,3. (4) 
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It should be noted that our model respects a Z 2 discrete 
symmetry under which only the fermion triplet T L and 
the leptoquark r\ carry an odd parity. 



III. DARK MATTER FERMION 

Although the charged and neutral components of the 
fcrmion triplet T L have a same mass at tree level, i.e. 

C D -A4WT- - -M%T° T o with 

T ± =T± + (TTy, T° = Tl + (T Q L y, (5) 

the one-loop electrowcak corrections will make the 
charged T ± to be heavier than the neutral T° (l4| . 

2 n 

M T± - M T0 -fmw sin 2 -g- = 166 MeV . (6) 

47T 2 

So, the neutral T° can keep stable and leave a relic den- 
sity to the present universe, if it is lighter than the lep- 
toquark r). 

The relic density is determined by the annihilations of 
the neutral T° and the charged T ± [H0J]. The effective 
cross section contains two parts, 

(^A^rcl) = (<TA V re\)g + ( a A V T e l>Y > 



(7) 



where the first term is from the gauge interactions [14 , 

El, 
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(8) 
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while the second term is from the Yukawa interactions, 

(tfh) 



(0-A^rel>Y 



M 2 



12tt [M| +M2] 2 



(9) 



Here v rel is the relative velocity between the two anni- 
hilating fcrmions in their cms system, while M is the 
mass of the lcptoquark ?/. If the neutral T° accounts 
for the dark matter relic density [lg, it should have a 
determined mass about M T0 = 2.4 TeV 0, EH in the 
absence of the Yukawa contribution ^. The dark mat- 
ter mass will increase if the Yukawa contribution is taken 
into account. Actually, we find 



(wjiy ^ n^hf 



M 4 



<g 1 for 



KU 3 V [M2 +Af2]2 

hi < 0(1) , M£o < M* . (10) 

So, the dark matter mass can be fixed by 

Af T0 = 2.4TeV. (11) 

At one-loop level, the scattering of the dark mat- 
ter fermion T° on the nucleons N can have a spin- 
independent cross section [14| : 



5 8 f N m % 



t n - 
SI 256tt 3 m%y 
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with 



V" AN) 



f N = u .^ v; + § 2J /^ v; - (12) 

q—u^d^s q=c,b,t 



By inputting [17J | 



.g 4 = 32G 2 ,m 4 ^ = 0.182 , m w = 80.398 GeV, 
m p = 938.3 MeV , m n = 939.6 MeV , (13) 



and [18( 

/£> = 0.020 , f ( 4 = 0.026 , /£> = 0.118 , 
M=f%=f$ = l~ E /#= 0.836, 

g— u,d,s 

f$ = 0.014 , f$ = 0.036 , /£> = 0.118 , 

/£> = /#=/&> = !- £ /W= 0.832,(14) 

g— u,d,s 

we can read 

cr^ ~ 10 _45 cm 2 for m ff = 126GcV. (15) 

So, the spin- independent scattering can be verified by the 
future dark matter direct detection experiments such as 
the superCDMS experiment J19l |. 

We can also have a spin-dependent dark-matter- 
nucleon scattering through the tree-level exchange of the 
lcptoquark 7/. The relevant axial-vector interactions are 
given by 

hM 



"ijga (^tVT^&TmT 6 ^ + «i7 M 7%) 



-H.c. 



(16) 



from which we can write the effective dark-matter- 
nucleon interaction to be 



C D -a N (T°Y7 5 T°)(Ns^N) with 



l N 



^{|^il a [AW + AW] + N a AW}. 



8M2 



(17) 

Here s}j, is the spin of the nucleon N, and A^ are 
extracted from the data on polarized deep elastic scat- 
tering. The spin-dependent cross section quoted by the 
experiments can be calculated by [20| 

n 6 2 2 -., M TO m N 
^sd = -Mr°jv Wlth AV = T7 rZT~ ■ ( 18 ) 



M T0 + m N 



By taking [1| 



» 



0.78 , A^ p) = AW = -0.48 , 



A (p) =A (») = _o.l5, 


(19) 


and assuming 




M n = 3 M T0 , 


(20) 


we can obtain 




N {0.3\h 1 \ 2 -0.15\h 2 \* y 
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which is far below the experimental limits [2l| 
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where the quantity COO is an intrinsic characteristic of 
the isotope Y. By taking G F = 1.16637 x 10~ 5 GeV" 2 
03, C( 76 Gc) = 5.5 H3 and T^^Ge) = 1.9 X 10 19 yrs 
[l|, we can find 



G „ <3.1x 10~ 18 GeV- 5 



(27) 



To fulfill the above constraint, we can consider a proper 
parameter choice such as 

x3.0 x 10~ 18 GeV -5 for M = 3M T0 . (28) 



FIG. 1: One-loop neutrinoless double beta decay. 



IV. NEUTRINOLESS DOUBLE BETA DECAY 



IMPLICATIONS ON NEUTRINO MASSES 
AND BARYON ASYMMETRY 



As show in Fig. [22l the dark matter fermion T° as- 
sociated with the leptoquark scalars rf^z and £^3 can 
mediate a onedoop diagram to generate a neutrinoless 
double beta decay. The effective operators arc given by 



C D -G 0u (d c R d R )(u L e c L )(u L e c L ) 

= -^G 0iy (e7;e^)[(irr;d fl )(u7;d fl ) 

-{uZ^p, v d R ){uZa^d R )] + H.c. 
with the coefficients: 



(22) 
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(23) 



Here M £ is the mass of the leptoquark £. We need calcu- 
late the half-life of the neutrinoless double beta decay to 
compare with the experimental limits. For this purpose, 
we rewrite the low energy Lagrangian (|22[) to be 



C D 



G p 

2m~ 



e(l + l5 )e c }{r,^ [«(1 + ls )d] [«(1 + J 5 )d] 



-r, T [ua tl Jl+ l5 )d}[ua^(l+ l5 )d}} + R.c.(24) 



V PS = 
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16G| 



'/ 



m pG „ 

~^\7 



(25) 



The experimental lower bound T^(Y) on the half-life 
of a certain isotope Y can constrain the effective lepton 
number violating parameters |22|, 



r'i 



PS 



l 7 ! ^ ^x 
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/ 10 24 yrs 
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(26) 



Any neutrinoless double beta decay processes will 
eventually result in a Majorana neutrino mass term ac- 
cording to the Schechter-Valle theorem [2j]. For the 
present one-loop neutrinoless double beta decay, the lead- 
ing neutrino masses should appear at five-loop level as 
shown in Fig. [2j If the interactions involving the second- 
and third-generation charged fcrmions arc also taken into 
account, we can obtain a 3 x 3 neutrino mass matrix as 
below, 



5— loop 



4 5 4 



M, 



y <0 



(16tt 2 ) ; 



X(fm d V^h*)^(fm d V^h*) T ,(29) 



1V± Tj 



with rh d = diag{m d , m s , m b } being the down- type quark 
masses and V being the Gabibbo-Kobayashi-Maskawa 
[24| (CKM) matrix. Our model can also generate the 
Majorana neutrino masses at three-loop level even if we 
don't resort to the gauge interactions. The relevant dia- 
gram is shown in Fig. [3] We can estimate the three-loop 
neutrino masses to be 



3 — loop 



(16tt 



2y'S 



\{fm d h* 



M, 



'_/'() 



M 2 



(fm d h*) T • (30) 



It is easy to check that the neutrino masses dominated 
by the three-loop contribution can arrive at an acceptable 
level, i.e. 



where the effective lepton number violating parameters U 
rj PS and tj t arc defined by 



3 — loopN 
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Jj3 
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M„ = Mir, 



4.2 GeV. 

(31) 



We should keep in mind that the neutrino mass matrix is 
rank-1 and only has one nonzero eigenvalue so that it can- 
not explain the neutrino oscillation data. In other words, 
the neutrino masses should have additional sources such 
as the conventional seesaw. 

The neutrinoless double beta decay and other lep- 
ton number violating processes will wash out any lep- 
ton asymmetries until they go out of equilibrium at the 




T o T o 



FIG. 2: Five-loop neutrino mass generation. 



temperature estimated by 
T - G 2 0v T 11 = H(T) => 

T^100GeV /l0 " 8GeV " 



G 



Oi' 



s.(r) 



100 



Here 



#(T) 



8^ 3 5*(T) 



90 



M 



(32) 



(33) 



pi 



is the Hubble constant with M P1 ~ 1.22 x 10 19 GeV being 
the Planck mass and g+ (T) being the relativistic degrees 
of freedom. These lepton number violating processes will 
also wash out the existing baryon asymmetry in the pres- 
ence of the SU(2) L sphaleron processes [25|. The cosmo- 
logical baryon asymmetry thus should be produced below 
the temperature T ~ 100 GeV. 



VI. CONCLUSION AND DISCUSSION 

In this paper we have shown that the dark matter par- 
ticle can be directly responsible for generating the neutri- 
noless double beta decay. In our model, the dark matter 
fcrmion associated with two TeV-scale leptoquark scalars 
can simultaneously mediate the neutrinoless double beta 



decay at one-loop level and the neutrino masses at three- 
and five-loop level. The neutrinoless double beta decay 
can arrive at a testable level, while the accompanying 
neutrino masses will not exceed the eV order. The neu- 
trinoless double beta decay and other lepton number vi- 
olating processes will constrain the cosmological baryon 
asymmetry to produce at a scale below 100 GeV. The 
dark matter fermion with the determined mass and spin- 
independent scattering cross section can be verified by 
the future dark matter direct detection experiments. 

The present model can be modified. For ex- 
ample, we can replace the [5L/(2) L ]-doublct lcpto- 
quarks r?(3, 2, -±, -) and £(3, 2, -±, +) by two SU(2) L 
triplets A(3,3,+|, -) and Q(3,3,+|,+), or by one 
SU{2) L triplet A(3,3,+i,-) and one SU(2) L singlet 
w(3,l, +§,+)• Here and thereafter "+" and "-" de- 
note the parity under the Z 2 discrete symmetry. Al- 
ternatively, the dark matter fermion may be a gauge- 
singlet fcrmion S R (1,1,0,—). In this case, the lepto- 
quarks should be (i) two SU(2) L doublets t](3, 2, — g, — ) 
and £(3, 2, -±, +), (ii) two SU(2) L singlets 5(3, 1, +±, -) 
and w(3, 1, +§, +), (iii) one SU(2) L singlet 5(3, 1, +±, -) 
and one SU(2) L triplet 0.(3, 3, +|, +). 
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